Aims A new generation of multidetector-row CT (MDCT) scanners allows complete coronary coverage using retrospective ECG gating and 1 mm slices. The purpose of this study was to investigate the potential of high resolution MDCT angiography with retrospective gating for detection of coronary artery stenoses.
Introduction
Despite a multitude of different medical and interventional strategies to treat coronary artery disease (CAD), the natural course of CAD is a relentless progression. The current gold standard to assess the degree of stenosis is coronary angiography. In Germany alone, the total number of angiographic procedures rose by 45% from 1995 to 2000, while the fraction of interventional procedures remained almost constantly low at about 30% [1] . Although coronary angiography has become a safe procedure with only a small risk associated [2] , the inconvenience for the patient as well as the economic burden have fueled the quest to find an alternative, non-invasive method to visualize and assess coronary arteries. Achenbach et al. introduced intravenous electron beam computed tomography (EBCT) coronary angiography as a non-invasive imaging modality for the diagnosis of coronary artery disease [3] . With EBCT imaging of the coronary arteries, data acquisition is triggered only prospectively with the patient's electrocardiogram by selecting one point in the cardiac cycle. This time point is fixed as soon as the data have been acquired. The timing for all cardiac vessels is identical with prospective triggering [3] . From conventional angiography [4, 5] as well as from EBCT [6] it is well know that the motion pattern of each of the three major coronary arteries during the cardiac cycle is different. If imaging is done only at one time point in the cardiac cycle the results can be optimal for only one of the three major coronary arteries [3] . This is probably the major reason for the high number of individual vessels that cannot be evaluated because of motion artifacts [6] . In his study Achenbach et al. had to exclude 25% of all coronary segments because of inadequate image quality mainly due to atrial contraction during end-diastole [3] . This was especially true for the left circumflex and right coronary arteries. Furthermore, because of the restriction to axial, non-spiral scanning in ECG-synchronized cardiac investigations, acquisition of 3D volume images by using EBCT can only provide limited z-resolution of 3 mm slice thickness within a single breath-hold scan [7, 8] ). Recently, mechanical multidetector-row CT (MDCT) systems with simultaneous acquisition of four slices and half-second scanner rotation have become available for general-purpose scanning [9] . Multidetector-row acquisition with these scanners allows for considerably faster coverage of the heart volume, compared to single-slice scanning. This increased scan speed can be used for retrospective gating together with 1 mm collimated slice widths. This allows coverage of the entire cardiac volume in one breath hold and provides improved spatial resolution for multidetector-row CT angiography (MDCTA) of the coronary arteries in comparison to EBCT [7, 10] . The gantry rotation speed of 500 ms together with dedicated reconstruction algorithms make a temporal resolution of up to 125 ms feasible [7] . The technique of retrospective gating can be used to optimize image quality and detection of stenoses for each of the three major coronary arteries during the cardiac cycle. Finding the optimal time point with least motion for each vessel should reduce the number of vessels which are impossible to evaluate due to motion artifacts and increase diagnostic accuracy.
The purpose of the present study was to compare retrospectively ECG-gated MDCT and quantitative coronary angiography (QCA) in 102 patients to assess the accuracy of this new method for the detection of stenoses and occlusions.
Methods

Subjects
A total of 106 consecutive patients scheduled for conventional coronary angiography at our institution were enrolled between 16 October 1999, and June 2001. All patients underwent both conventional and MDCT angiography within 1 week. In all cases, MDCT angiography was performed before conventional angiography. The ethical committee of the hospital approved the trial, and all patients gave written informed consent. The study protocol complied with the Declaration of Helsinki. The patients mean age was 62 9 years. There were 79 men, and 27 women. Their average weight was 79 kg, but 15 patients weighed more than 100 kg. Exclusion criteria were: coronary stents, unstable clinical condition, contraindications to the administration of iodine-containing contrast agent. We also included patients not in sinus rhythm.
Multidetector-row CT
Acquisition of data/reconstruction of images All CT examinations were done on a Somatom Volume Zoom multidetector-row CT scanner (Siemens, Forchheim, Germany). The scan protocol used was 4 1 mm collimation, pitch 1·5-2 according to the minimal heart rate, 500 ms rotation time (T rot ), 120 kV, and 300 mA. Previous dose measurements with an Alderson phantom (Alderson Research Laboratories Inc., Long Island City, New York, U.S.A.) revealed an effective radiation dose of approx. 5-6 mSv for male, and 6-7 mSv for female patients using this scan protocol. To establish the scan delay time a test bolus of 15 cc contrast material and 20 cc saline chaser bolus was used. The circulation time was determined by measurements of CT density values in the ascending aorta. Imaging commenced at the circulation time plus 3 s. A bolus of 120 cc nonionic contrast (400 mg I . cc 1 ) was injected through an 18-gauge catheter into an antecubital vein at 4 cc . s 1 followed by a 50 cc saline chaser bolus [11] with the use of a dual head powered injector (Medtron, Saarbrü cken, Germany). All patients received 0·4 mg of nitroglycerin for dilation of the coronary epicardial arteries before imaging. Tomographic imaging commenced at the level of the aortic root above the coronary ostia. Patients were instructed to briefly hyperventilate just before the scanning and then hold their breath for the duration of the scanning. A continuous spiral scan was acquired with the ECG-signal recorded simultaneously.
For reconstruction of the image data a newly developed algorithm was used [12] . A conventional single-sector algorithm was used below a heart rate of 70 beats . min 1 . For heart rates above 70 beats . min 1 two sectors were used for reconstruction (Fig. 1 ). This adaptive approach provided a temporal resolution T rot /2 for imaging in the diastolic phase at moderate heart rates and higher temporal resolution up to T rot /4, i.e. 125 ms, for higher heart rates without a need for decreased spiral pitch and reduced z-resolution.
To determine the optimal position of the image reconstruction window relative to the cardiac cycle seven different sets of reconstructions at 20%, 30%, 40%, 50%, 60%, 70%, and 80% of the cardiac cycle were performed for a small subvolume of each raw data file with the origin of the right and left coronary artery. The percentage denotes the center of the reconstruction window. From these images only those time points with least motion artifacts for each of the three major coronary arteries were chosen for complete reconstruction, i.e. a maximum number of three different complete reconstructions were used for evaluation. The optimal reconstruction windows were selected by consensus of two reviewers. The reconstructed slice width was 1·25 mm, image increment 0·6 mm.
Evaluation of data
The image data from the selected reconstructions with least motion artifacts were transferred to an off-line computer workstation (3D Virtuoso, SIEMENS, Erlangen) for 3D volume rendering postprocessing in a standardized fashion. The images were independently evaluated by two investigators without knowledge of the patients coronary angiogram. Cross-sectional precontrast and post-contrast images and sliding thin-slab maximum-intensity projections were available for analysis of calcifications and non-calcified plaques. For image analysis coronary segments as defined by the American Heart Association were used ( Fig. 2 ) [13] . The AHA coronary segments were determined using the 3D volume rendering views. In a first step the readers had to assess the number of segments visible and adequate for evaluation for segments 1-4 (right coronary artery, RCA), 5 (left main, LM), 6-8 (left Figure 1 Retrospectively ECG-gated four-slice spiral reconstruction with one-sector reconstruction (black bar) for heart rates <70 beats . min 1 and two-sector reconstruction (two grey bars are used for one reconstruction) for heart rates d70 beats . min 1 . The broken lines indicate how the four detector rows travel along z-axis at a fixed speed (pitch). Using the adaptive approach gap-less volume reconstruction is possible with pitch 1·5 for all heart rates >40 beats . min 1 . For heart rates d70 beats . min 1 the temporal resolution can be improved by using scan data from two cycles for reconstruction of an image ('segmented reconstruction'). The partial scan data set for reconstruction of one image then consists of two projection sectors from different heart cycles. With a gantry rotation of 500 ms (T rot ) this approach provides a temporal resolution of 250 ms (T rot /2) for imaging in the diastolic phase at moderate heart rates and higher temporal resolution up to 125 ms (T rot /4) for higher heart rates. anterior descending, LAD) and 11, 12 (left circumflex, LCX). In a second step they had to give the location (segment) and degree of stenosis. A stenosis was considered to be significant on the order of d50% diameter narrowing.
Conventional X-ray coronary angiography
Cardiac catheterisation and contrast enhanced X-ray coronary angiography were performed according to the standard techniques. The angiograms were evaluated by two cardiologists without knowledge of the MDCT coronary angiographic findings. To determine lesion severity quantitative analysis of coronary angiograms (QCA) was performed using QUANSAD software (ARRI, Munich, Germany). The catheter tip was used for calibration. Percent area stenosis and minimal lumen diameters were measured in projections showing highest lesion severity. Coronary artery segments were either classified as significantly obstructed (diameter reduction >50%) or as normal or not significantly obstructed (diameter reduction <50%).
Statistical analysis was performed using SPSS (Statistical Package for Social Sciences, version 10.1). The interobserver variation was quantified by calculating the Kappa statistic. Sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) for detection of significant stenoses by means of MDCTA were calculated. For multiple testing Multivariate Analysis of Variance (MANOVA) was performed. For multiple pairwise comparisons of means the Tukey-Test was used. A P value <0·05 was considered significant for all statistical evaluations.
Results
MDCTA of the coronary arteries could be performed in all patients without complications. Mean time interval between the angiogram and the MDCT study was 2 days. Four patients were excluded from the evaluation because of technical difficulties or failure of the data acquisition (patient did not hear breathing instructions; ECG not properly recorded; scan aborted; claustrophobic patient moved during the scan), i.e. the data of only 102 patients could be used for evaluation. The mean time needed for investigation was 12 3 min. Total mean breathholding scan time was 28 s 9 s and was well tolerated by all patients. Mean heart rate was 63 11 beats . min 1 . The distribution of the image reconstruction window with least motion artifacts relative to the cardiac cycle is given in Table 1 . The LAD was best visualized in mid-diastole at 60-70% for most patients. The time point for best image quality of the right coronary artery (segments 1-4) was significantly different (P<0·05) early in diastole at 40% (Fig. 3) . The left circumflex artery (segments 11, 12) showed optimal image quality most frequently at 50%.
The mean visualized length of the RCA, LAD and LCX is listed in Table 2 as mean number of visualized segments. The main reasons for impaired image quality of individual segments were extensive calcification [33] , very small arterial lumen [31] , cardiac motion [24] , artifacts of respiration [25] , or the inability to discriminate the vessel from adjacent contrast-filled structures [19] , i.e. veins or ventricle.
Among the 102 patients the conventional coronary angiogram showed disease of one vessel in 37, two vessels in 20, and three vessels in 25 patients. Twenty patients showed no significant lesion (Fig. 4) . For segments 1-8, 11 and 12 conventional angio showed a total of 142 significant stenoses: 20 in segment 1, 19 in segment 2, 10 in segment 3, three in segment 4, one in segment 5, 29 in segment 6, 28 in segment 7, four in segment 8, 22 in segment 11, and six in segment 12 ( Figs 5-8 ). The number of false and right positive and negative findings for detection of significant stenoses in MDCTA are listed in Table 3 . If all segments were included in the evaluation for detection of significant stenoses reader no. 1 found a sensitivity of 86%, a specificity of 96%, a positive predictive value of 81%, and a negative predictive value of 98%. The sensitivity was higher for reader no. 2; however, specificity and negative predictive value showed no statistically significant difference (P<0·05). Kappa for overall interobserver variation was 0·75.
Discussion
A challenging application for cardiac CT imaging is the non-invasive assessment of the coronary arteries for diagnosis of CAD. Limited temporal resolution of current CT technology requires synchronization of the 
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image acquisition to the movement of the heart by using ECG-information to provide phase consistent data in phases of low cardiac motion. For sequential imaging, a prospective trigger is derived from the ECG-trace to initiate the CT-scan with a certain user selectable delay time after the R-wave. The delay time for scan acquisition after an R-wave is calculated from a given phase parameter (e.g. a percentage of the RR-interval time as delay after an R-wave) for each cardiac cycle individually based on a prospective estimation of the RRintervals. Usually, the delay is defined such that the scans are acquired during the diastolic phase of the heart cycle. From cineangiographic studies [4, 5] , however, it is known that each of the coronary arteries has a distinct motion pattern in the course of the cardiac cycle. Because of their position in the coronary groove, the right coronary and the left circumflex artery have more rapid diastolic motion than the left anterior descending. The motion is caused mainly by atrial contraction during end-diastole [3] . This corresponds to the fact that in most EBCT studies the results for the right coronary arteries in regard to motion artifacts and image quality were worse than for the LAD [3, 14] . Recently Achenbach et al. analysed the pattern of coronary arterial movement using EBCT [6] . He confirmed the finding, that each of the three major coronary arteries has as different motion pattern during the cardiac cycle. Achenbach et al. pointed out that the timing of the short acquisition window of EBCT within the cardiac cycle might be even more crucial than the timing of a longer acquisition window, as the variation in cardiac motion during acquisition levels out with the increasing duration of the acquisition window [6] . The different motion pattern of the individual coronary vessels calls for an individual reconstruction for each vessel in regard to position in the cardiac cycle. This can only be obtained if the data set contains data from all phases of the cardiac cycle. EBCT imaging only allows for sequential prospectively triggered acquisition [3] . The user has to select the phase of reconstruction in advance without being able to adapt or optimize it afterwards. Only one phase can be selected for all three vessels, i.e. a compromise has to be made in regard to the optimal time point for the individual vessels. The only means to achieve a reconstruction adapted to the phase to the cardiac cycle is retrospective gating.
In addition to the advantages of phase selective image reconstruction, ECG-gated spiral scanning provides continuous volume coverage and better spatial resolution in the patients longitudinal direction as images can be reconstructed with overlapping increment. A 3D volume image can be reconstructed with a voxel size of about 0·5 0·5 1·0 mm based on a scan with 1 mm slice collimation and reconstruction with submillimetre image increment [7] . This is important for visualization of the right and left circumflex coronary arteries which run perpendicular to the imaging plane. With EBCT these vessels are visualized with lower spatial resolution than the LAD, which is oriented parallel to the imaging plane [3] . Using this retrospective gating technique we have demonstrated high overall sensitivity and specificity of 0·86/0·93 (reader 1/reader 2) and 0·96/0·97 (reader 1/reader 2), respectively, and a high negative predictive value (0·98/0·99) for MDCT coronary angiography for the detection of significant stenoses (>50% reduction in diameter) in the proximal, middle and distal coronary arteries in 102 patients. To the best of our knowledge this is the first study in which CT angiography of the Figure 3 (a, b) Sixty-year-old patient, mean heart rate 65 beats . min 1 ; image reconstruction for RCA (arrow) at (A) 60% and (B) 40%. At 60% the RCA is almost impossible to identify. However, at 40% even the ramus posterolateralis dexter (arrowhead) can be identified.
coronary arteries includes the distal segments in the evaluation. In addition, all vessels were included in the evaluation; no segment was excluded due to technical limitations. For EBCT, Achenbach et al. reported a sensitivity of 92% for the detection of high grade stenoses in the proximal and middle coronary arteries, when excluding vessels that could not be evaluated; however, when all vessels were included the sensitivity was only 69% for just the proximal and middle segments [3] . Our results indicate that image quality and diagnostic accuracy in CT angiography of the coronary arteries can be significantly improved by high-resolution multidetector-row CT with individual selection of different time points for reconstruction during the cardiac cycle for each of the three major coronary arteries. This is confirmed by results from other groups obtained in smaller study populations for detection of coronaryartery stenoses using retrospectively gated MDCTA. Niemann et al. reported a sensitivity of 81%, a specificity of 97%, a positive predictive value of 81% and a negative predictive value of 97% for detection of stenoses >50% in 35 patients [15] . Achenbach et al. found a sensitivity of 91% and a specificity of 84% in 64 patients [16] . Positive predictive value was 59%, negative predictive value 98% for the detection of high-grade coronary artery stenoses [16] . This high negative predictive value was also confirmed in our study. Thus, based on these results one potential clinical application of MDCTA might be to rule out coronary artery stenoses in coronary arteries that would be potential targets of revascularization therapy. This mainly includes coronary arteries with a vessel diameter d2 mm, which is well above the spatial resolution of MDCTA. Stenoses in vessels with a diameter <2 mm rarely constitute targets for revascularization. 
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Limitations A limitation of our study is that we did not look individually at each segment of the different vessels for optimization of the reconstruction window. The patterns of movement obviously are not equal throughout the complete arterial tree. One might even have to look at proximal, mid, and distal segments individually to account for different motion patterns. In addition, an increment of 10% for the position of the image reconstruction window might be too long to detect subtle differences. Further measures have to be taken to reduce the number of unevaluable segments. This may be achieved through shorter acquisition times by multidetector-row scanners with more than four channels. This would also permit the use of thinner collimation to improve spatial resolution in the z-axis.
Shorter gantry rotation (m500 ms) would shorten the image acquisition window to further reduce motion artifacts.
Despite the fact that the CT scan per se is completed within a couple of minutes the entire procedure including processing and evaluation of data is still very time-consuming. Reconstruction of CT data, selection of optimal reconstruction windows and 3D postprocessing for interactive viewing took more than 1 h 
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per patient even when performed by an experienced reviewer. For routine clinical application this could eventually be significantly shortened and facilitated by dedicated software tools.
During ECG-gated spiral imaging of the heart, data are acquired with overlapping spiral pitch and continuous X-ray exposure. Thus, ECG-gated spiral acquisition requires a higher patient dose than ECGtriggered sequential acquisition for a comparable signal-to-noise ratio. When performing multiple reconstructions in different cardiac phases for optimal image quality of individual vessels, almost all spiral data are used for image reconstructions and only a minimal amount of data is omitted. To obtain the same diagnostic information multiple sequential acquisitions would have to be performed with repeated injections of contrast material. This would eventually result in the same or even higher X-ray exposure. However, developments are under way that allow for a reduction of X-ray exposure for ECG-gated spiral acquisition by prospectively ECG-controlled on-line modulation of the tube output [17] . Preliminary results indicate that by reducing the tube output during heart phases that are not likely to be targeted by the ECG-gated reconstruction, dose savings up to 40% are possible [17] . This technique combines the important benefits of ECG-gated spiral scanning with X-ray exposure that is comparable to ECG-triggered sequential acquisition.
Conclusion
Despite the fact that this new technique is only in the early stages of development the results obtained so far with MDCT for non-invasive coronary angiography are encouraging and justify further research to evaluate its applicability and clinical usefulness. Dedicated software tools to reduce the time needed for image postprocessing and evaluation, together with further technical refinements such as simultaneous acquisition of more than four rows and faster gantry rotation speed, might help to accelerate the clinical implementation of non-invasive CT coronary angiography. Table 4 Diagnostic accuracy of multidetector-row CT coronary angiography for the detection of significant stenoses (d50%) and occlusions. The results are listed if (a) only the assessable segments were included, (b) all segments were included, (c) only the proximal segments were included for calculation of sensitivity, specificity, PPV, and NPV
Assessable segments
All segments (1-8, 11, 12) Proximal segments only (1-2, 5, 6-7, 11)
Reader no. 0·90  0·95  0·86  0·93  0·97  0·99  Specificity  0·95  0·96  0·96  0·97  0·97  0·98  PPV  0·76  0·81  0·76  0·81  0·87  0·92  NPV  0·98  0·99  0·98  0·99  0·99  1·0 PPV=indicates positive predictive value; NPV=indicates negative predictive value.
